Flexible strain sensor devices were fabricated by depositing Pd nanoclusters on PET membranes patterned with interdigital electrodes. The sensors responded to the deformation of the PET membranes with the conductance changes of the nanocluster films and were characterized by both high gauge factor and wide detection range. The response characteristics of the strain sensors were found to depend strongly on the nanocluster coverage, which was attributed to the percolative nature of the electron transport in the closely spaced nanocluster arrays. By controlling the nanocluster deposition process, a strain sensor composed of nanocluster arrays with a coverage close to the effective percolation threshold was fabricated. The sensor device showed a linear response with a stable gauge factor of 55 for the applied strains from the lower detection limit up to 0.3%. At higher applied strains, a gauge factor as high as 200 was shown. The nanocluster films also demonstrated the ability to response to large deformations up to 8% applied strain, with an extremely high gauge factor of 3500.
I. INTRODUCTION
The measurement of strain is important in numerous applications in science, engineering and medicine. Strain sensors are one of the most widely used transducers offered in a wide variety of patterns for scientific, industrial and experimental stress analysis. Traditional metallic strain gauges have been widely used. The discovery of the piezoresistive effect in silicon generated significant interest in semiconductor strain sensing. Despite their excellent features, these conventional strain sensors show some limitations. Metallic foil strain gauges are more or less flexible but their gauge factors are typically low [1] . Semiconductor strain gauges can have a much larger gauge factor as high as 100 but are fragile with a high temperature coefficient [2] .
More recently, the development of structural health monitoring systems [3, 4] , wearable devices [5, 6] , electronic skin [7, 8] as well as healthcare and medical diagnosis devices [9, 10] has drawn tremendous attention towards the development of new flexible strain sensors characterized by high sensitivity, wide detection range, easy signal processing, low cost and simple manufacturing process. Researches have been focusing on driving device designs to the nanoscale. Many types of † Part of the special issue for "the 19th International Symposium on Small Particles and Inorganic Clusters"
* Author to whom correspondence should be addressed. E-mail: feiliu1987@nju.edu.cn nanostructure based strain sensing materials have been studied, including nanowires [11, 12] , nanotubes [13] [14] [15] , graphene [16] [17] [18] , nanoparticle films [19] [20] [21] , as well as nano-polysilicon thin film transistors [22] . Excellent strain sensing characteristics have been demonstrated by them due to their novel microstructures. Quantum conductance of closely spaced metal nanocluster arrays fabricated on the flexible substrate surface has recently been investigated for the design of strain sensors [21] . The sensing mechanism of such strain sensors is based on the deformation-dependent conductive percolation morphology over the nanocluster arrays. The current transport in such arrays is dominated by the thermally activated hopping of electrons across the barriers present in between neighboring nanoclusters. A small deformation of the flexible substrate induces a change on the interspacing of the nanoclusters, enabling more or less conductive percolation pathways, leading to a change of the electron conductance. Compared to the conventional strain sensors utilizing the piezoresistance property of bulk metal or silicon, the flexible strain sensors based on the nanocluster arrays exhibit high strain tolerance, high sensitivity, and low power consumption. Our previous study [23] showed that the quantum conductance characteristics of the closely spaced nanocluster arrays depended strongly on the nanocluster coverage. In this work, we study the influence of the nanocluster coverage on the response characteristics of the nanocluster strain sensors, which is crucial for the sensor applications. We show that by optimizing the nanocluster coverage, high sensitivity and wide working range can be realized.
II. EXPERIMENTS
We fabricated the strain sensors by gas phase depositing Pd nanocluster films with controlled coverage on polyethylene terephthalate (PET) membranes decorated with silver interdigital electrodes. PET is an effective substrate for flexible sensors. Generally nanoclusters of various metals can be used in the quantum conductance based strain sensors. In this work, Pd nanoclusters were used due to their chemical stability and good adhesion to substrates. In fact, Pd nanoclusters have been well used in various sensors [23] [24] [25] . A schematic view of the sensor fabrication is shown in FIG. 1 . Silver interdigital electrodes were patterned onto the PET membranes by shadow mask evaporation in high vacuum. The thickness of the PET membranes was 0.1 mm. The width of the interdigital electrodes was 70 µm, with a 30 µm electrode separation. The whole electrodes covered an area of about 7.5 mm×9.0 mm. The thickness of the silver electrodes was about 100 nm.
Nanocluster deposition was performed in a high vacuum chamber equipped with a magnetron plasma gas aggregation cluster source [23] . Atoms were sputtered from the Pd target and Pd nanoclusters were formed through the aggregation process in the argon gas. A stable argon gas flow (100 sccm) was introduced into the liquid nitrogen cooled aggregation tube to maintain a constant carrier gas pressure of about 80 Pa for cluster growth. The nanocluster size was controlled by the carrier gas pressure. The nanoclusters were swept by the gas stream into a high vacuum chamber through a nozzle and deposited on the PET membrane surface. The deposition rate was monitored by a quartz crystal microbalance and controlled to be about 0.3Å/s by a discharge power of 30 W. The deposited nanoclusters distributed on the PET surface with an area of about 15 mm in diameter so that the whole interdigital electrodes were well covered by the nanoclusters.
During the deposition, the conductance of the nanocluster arrays that covered the interdigital electrodes was measured in situ with a digital multimeter (Keithley 2601) under a bias of 1 V. The deposition was stopped at a predetermined conductance value by operating a shutter, and a nanocluster film with a certain coverage was then fabricated. There was a one-to-one correspondence between each coverage and each conductance.
The morphology of the Pd nanocluster films was characterized with a transmission electron microscopy (TEM, FEI TECNAI F20s TWIN). For TEM imaging, Pd nanoclusters were deposited on the surface of amorphous carbon film supported by copper grid.
The conductance response characteristics of the strain sensors were evaluated by subjecting them either to a series of bending cycles or to a series of pulland-release cycles. In both cases, the deformation was driven with a micrometer. The strain (ε) was calculated from the deformation according to the geometry of the measurement configuration. Generally the pulland-release test could generate much larger deformation than the bending test, so that it was mainly used for large strain measurement. The conductance changes induced by the applied strains were measured by recording the current in the samples with a digital source meter (Keithley 2400) by applying a constant bias voltage of 1 V to the interdigital electrodes.
III. RESULTS AND DISCUSSION
FIG. 2 shows the TEM images of Pd nanoclusters prepared with different deposition time at a controlled deposition rate of 0.3Å/s. As shown in the figure, the Pd nanoclusters distributed on the substrate surface randomly. The mean diameter of the nanoclusters was 8.3 nm and did not change with the deposition time. Previous studies [26, 27] showed that small nanoclusters of noble metals, such as Ag nanoclusters, had high mobility on the substrate subsurface, which induced significant diffusion and coalescence of nanoclus-DOI:10.1063/1674-0068/cjcp1812296 c ⃝2019 Chinese Physical Society ters after they were deposited on the surface. Therefore, the size of the nanoclusters increased with the deposition time for a dense array of nanoclusters produced by gas phase cluster beam deposition. However, for Pd nanoclusters our results showed that there was no direct correlation between their size and the deposition time, which indicated that diffusive growth was not significant for Pd nanoclusters on the surface. It provides a simple way to modify the nanocluster number density by controlling the deposition time for different time of 430, 640, 710 s. The surface coverage of the nanoclusters in FIG. 2 (a)−(c) was measured to be 26%, 38% and 43%, respectively. With the increase of the nanocluster coverage, more and more percolation paths for electron conduction were formed between the electrodes, resulted in an increase of the conductance of the nanocluster film. We define the conductance of the unstrained strain sensor as the base conductance G 0 . Corresponding to the above nanocluster coverage, the base conductance of the fabricated strain sensors was 0.21, 0.38, and 0.66 µS, respectively. FIG . 3 shows the conductance response curve (conductance versus time diagram) measured for the specimen with a base conductance of 0.21 µS, which represents the typical responses of all the samples. The curve gives the real time electrical responses during the stepwise bending of the nanocluster coated PET substrate. The deformation pattern is shown schematically in the inset of FIG. 3 . The bending of the PET membrane induced a shrink on the surface where the nanoclusters deposited. The inter-particle distance in the nanocluster film thus decreased, which resulted in an increase on the conductance of the nanocluster arrays. In FIG. 3 , each bending step generated an additional 0.04% strain on its surface. An immediate electric conductance change could always be observed. When the bending was released, the conductance could be recovered inversely. In FIG. 4 , the relative resistance changes (∆R/R 0 , where ∆R=R−R 0 , R 0 is the resistance corresponding to the base conductance G 0 ) of the 3 samples with different base conductance are plotted as a function of the applied strains. To investigate the response behavior under relative large strain, the strain was applied to the sensors by stretching the PET membrane surface where the nanoclusters deposited. This was realized either by bending the membrane towards the opposite side of the nanocluster-coated surface or by pulling the membrane linearly. It could be seen that the relative resistance change induced by the applied strain increased with the base conductance G 0 of the sensor, i.e., the coverage of the nanocluster film, indicating that lower nanocluster coverage was conducive to higher sensitivity. This could be understood by considering the sensing mechanism of the closely spaced nanocluster film based sensors. The quantum conductance of the nanocluster film was directly related to the number of the electron percolation pathways it contained. There will be a sensitive dependence of the conductance on the nanocluster coverage when the latter is close to the effective percolation threshold defined by the gap size of the interdigital electrodes [28] . For nanocluster coverage far above the effective percolation threshold, the influence of the coverage change on the conductance would be much less significant. The applied strain induced a stretching on the PET membrane, which was equivalent to a decrease of the nanocluster coverage. This would generate more significant change on the quantum conductance of the nanocluster array with lower coverage, due to the loss of the electron percolation paths. Furthermore, films with lower nanocluster coverage contained less number of electron percolation pathways, so that the loss of the electron percolation paths induced by stretching, which increased the inter-particle spacing, would also generate more significant influence on the quantum conductance.
Generally, the sensitivity of a strain sensor is characterized with the gauge factor g=(∆R/R 0 )/ε. In FIG. 5 , the gauge factors of the nanocluster film based strain sensors with different coverage were plotted as a function of the applied strains. For the two samples with larger nanocluster coverage (G 0 =0.38 and 0.66 µS), the gauge factors were low at small applied strain and increased rapidly with the increase of the strain. The low gauge factor at small strain should be attributed to the high nanocluster density that saturated the electron percolation patterns. In the moderate strain re- gion, from 0.1% to 0.3%, all the three strain sensors hold constant gauge factors, which were about 15, 25, and 55 respectively and increased with the nanocluster coverage. For the strain sensor with the lowest nanocluster coverage (G 0 =0.21 µS), the gauge factor kept high even at the lowest applied strain. The constant gauge factors enabled a linear response of the relative resistance change to the applied strains, as can be seen from FIG. 4 . When the applied strain was larger than 0.3%, all the three sensors showed a further increasing on their gauge factors. This behavior should also be attributed to the effect of the nanocluster coverage. The applied strain induced a stretching on the PET membrane, which decreased the nanocluster coverage. As has been analyzed above, lower nanocluster coverage was conducive to higher sensitivity.
Detection range is another important parameter for the flexible strain sensors. To clarify the up limit of the strain that can be measured by the sensor, the strain sensor with the lowest nanocluster coverage (G 0 =0.21 µS) was stretched linearly up to 8% strain. The relative resistance changes as well as the gauge factors are shown in FIG. 6 . We can see that the sensor could response to the applied strains over the whole range, and the gauge factor increased with the applied strain continuously. At 8% applied strain, the gauge factor was as high as 3500. For a strain sensor fabri-DOI:10.1063/1674-0068/cjcp1812296 c ⃝2019 Chinese Physical Society cated on PET membrane, this was somewhat meaningless since the 8% strain was far above its elastic limit (∼4%). However, our result demonstrated that the conductance of the Pd nanocluster arrays could well response to such large deformations. It is possible to enlarge the detection range of such a kind of strain sensors by replacing the PET membrane with more elastic materials. Within the elastic limit, the gauge factor of the PET membrane based strain sensor could be as high as 200, which was significantly better than the typical gauge factor of semiconductor strain sensors (∼100).
IV. CONCLUSION
A flexible strain sensor device with both high gauge factor and wide detection range has been demonstrated by depositing thin films of Pd nanoclusters on PET membranes patterned with interdigital electrodes. An immediate response of the conductance of the nanocluster films to deformation of the PET membrane was shown. The response characteristics of the strain sensors was found to depend strongly on the nanocluster coverage. Devices with lower nanocluster coverage showed larger gauge factors. The coverage dependent response characteristics was attributed to the percolative nature of the electron transport in the closely spaced nanocluster arrays. The conductance was sensitively dependent on the nanocluster coverage, which could be changed by the strain applied on the substrate membrane, when the latter is close to the effective percolation threshold defined by the gap size of the interdigital electrodes. The nanocluster coverage could easily be regulated by controlling the nanocluster deposition so that an optimized strain sensor device was obtained. Linear response with a stable gauge factor of 55 was demonstrated for the applied strains from the lower detection limit of the sensor up to 0.3%. At higher strain, the gauge factor increased with the applied strains and reached 200 within the elastic limit of the PET membrane (corresponding to 4% strain). The nanocluster films also demonstrated the ability to respond to large deformations up to 8% applied strain, with an extremely high gauge factor of 3500.
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